An experimental study on the unsteady combustion of the n-decane droplet in microgravity was performed.
Introduction
An isolated droplet combustion experiments in microgravity have been performed to get the fundamental knowledge on diffusion flames. Spherically symmetric flames of fuel droplets are achieved in microgravity due to the absence of the buoyancy and are ideal for the understanding the phenomena. It is also useful to validate the theories based on one dimensional analysis. Researches measuring characteristic parameters of droplet combustion such as burning rate constant and flame standoff ratio have been widely conducted and a large part of their analysis have been based on classical d 2 -law 1, 2) . However, experimental results show that the actual characteristic parameters of the droplet burning deviates from those under quasi-steady assumption [3] [4] [5] . Experimental evidence shows that the burning rate constant decreases as the initial droplet diameter increases and the flame standoff ratio increases as the droplet diameter decreases with time in microgravity 3, 6, 7) . Some microgravity studies indicates that soot formation in the droplet flame can influence the droplet combustion behavior and sooting effects on the droplet burning have been investigated 3, 4, 8, 9) . Soot in the droplet flame is one of reasons for nonlinear burning of droplets. Most of droplet combustion models have not included soot and its effects and some experimental studies have been conducted using non sooting fuel [10] [11] [12] , controlled O 2 concentration 13) and inert substitution to mitigate the sooting effect [14] [15] [16] . The burning rate of the n-heptane droplet is affected by the accumulation of the soot shell 8) and the soot production increases with initial droplet diameter. These studies have mainly focused on the sooting effects on the average burning rate and determined the burning rate constant and explained the source of differences of the burning rate measured by a lot of researchers.
The burning rate of the droplet combustion is influenced by a lot of factors including a weak convection induced by igniters, suspenders, radiation of the soot, the absorption of water, the heat up process of the droplet, etc. Fundamentally, the droplet combustion process is thought to be unsteady behavior, and however, studies which treat the instantaneous burning rate have been rather limited. As an example of the measurement of the instantaneous burning rate, fourth-order polynomial fits to the profiles of the droplet diameter squared and the burning rate is determined from the derivative 16) . The influence of the ambient pressure on the instantaneous burning rate of n-heptane droplet has also been investigated 17) . In this study, the instantaneous burning rate is derived by using the central difference of the droplet diameter squared.
In this study, we focus on the unsteady burning behavior of the sooting droplet and n-decane is selected as a n-alkane. The instantaneous burning rate is measured and the characteristics is discussed. The effect of CO 2 inert on the unsteady burning characteristics of the n-decane isolated droplet in microgravity is also experimentally investigated. It has been reported that the mass of soot decreases in the flame of a hydrocarbon droplet under terrestrial conditions 18) . The fundamental knowledge about the effects of CO 2 on the droplet combustion is rather important in order to make the model of spray combustion in engines because a large amount of exhaust gas has been back to the engine intake as exhaust gas recirculation (EGR) and EGR rate tends to increase, especially in diesel engines. The understanding of the effects of the exhaust gas on the spray combustion is strongly desired.
Experimental

Experimental description
In this study, a microgravity condition is created in a free-falling experimental package with a drag shield. The experimental package is released from the top of a drop tower with the total height of 9 m and the free fall distance of 5 m, and the experiments are performed during the fall. An experimental time of 1 s is achieved by using this facility. Figure 1 shows the schematic of the experimental setup. The drop package contained an experimental apparatus and a drag shield. The experimental apparatus consists of two main parts; a gas supply and evacuation section and a free-falling section. These sections are separated and the free-falling section is installed in the drag shield. Firstly, the combustion chamber is vacuated by a vacuum pump. The ambient gas of interest is prepared in the mixture tank with the uncertainty of 0.1 % and is directed to the combustion chamber. In this study, the proportion of O 2 in the ambience is fixed to be 21 % in volume and the proportion of CO 2 and N 2 are varied. A quartz suspended fiber with the diameter of 0.05 mm is used to fix the position of the droplet during the lifetime. Fuel is supplied by a syringe and a tip of the needle approaches to the tip of the quartz fiber. After a droplet is sustained at the tip of the fiber, the experimental setup is hoisted up to the top of the drop tower by a winch. When the experimental package starts falling, a start signal is sent to the igniter which consists of a rotary solenoid and a Fe-Cr wire with the diameter of 0.23 mm. The fuel droplet is forcefully ignited and the wire escapes from the vicinity of the droplet at about 0. 
Data processing methology
The diameters of the droplet and the flame are measured in this study. Motion pictures measured by CCD cameras are converted into each discrete image and stored as a bitmap digital image with the size of 640 x 480 pixels.
The procedure of the image processing of the fuel droplet is shown in Fig. 2 . Firstly, images are rotated to correct the tilt of the quartz suspender. Then, the priority area for the processing is selected and other regions are removed. In order to intensify the edge of the droplet, the histogram of the luminosity in images is adjusted. All of images are posterized and applied a median filter using 8 adjacent pixels. Thereafter, binary images are obtained by thresholding the posterized images. All objects in images are labeled and undesired objects except for the droplet and fiber projection images are removed. Finally, the interface between the droplet and the suspender is recognized from the change in the width of the projection image and the suspender is removed from the image. All of these operations are conducted on the bitmap image. The projection image of droplet is treated as a rotating object and its surface area is calculated. The effective droplet diameter, d, is calculated from the surface area and requiring that the droplet surface area based on the effective diameter is the same as the rotating object. The droplet projection images are recorded by a high speed camera and the measurement of the diameter is time consuming. Therefore, all of these procedures are automatically and effectively conducted by a computer program. The calculating error of the surface area for sphere with the diameter of 300 pixels is within 0.8 %. The effective droplet diameter is also determined in the same way as the flame diameter as follows.
Although the shape of the droplet is influenced by the interfacial tension of the quartz fiber and its shape is not sphere, the shape of the flame is almost sphere and it is treated as an ellipsoid as shown in Fig. 3 . The effective flame diameter, d f , is calculated from a minor diameter, a, and a major diameter, b, and requiring that the droplet volume based on the effective diameter is the same as the ellipsoid, i.e., d f 3 =a 2 b. The example of droplet diameter squared calculated from the surface area of the rotating body in this study and the volume of the ellipsoidal approximation is shown in Fig. 4 . The measurement of the diameter using the ellipsoidal approximation is time consuming and conducted at intervals. In the case of the ellipsoidal approximation, it is difficult to determine where the liquid surface concavity near the fiber is. In this case, the major diameter, b, is determined from the highest position where the liquid is pulled by the interfacial tension and the width of the droplet at the interface is almost equal to that of the fiber. This determination results in the source of the error, and in this case the effective diameter using the ellipsoid is thought to be overestimated in this case. The fuel in the vicinity of the interface between the droplet and the fiber is pulled by an interfacial tension and the shape is apart from the ellipsoid. In the initial period of time when the droplet diameter increases due to the thermal expansion and it starts decreasing due to the vaporization, the fuel temperature is low and the surface and the interfacial tensions of the droplet are strong. As the droplet is heated up, the surface and the interfacial tensions become weak and the difference of effective diameters in two methods becomes small.
The droplet and flame diameters are calculated in pixels and then transformed to physical lengths using calibration factors based on the vertical and the horizontal ruler images at the focus points of cameras.
Results and Discussion
Unsteady behavior of n-decane droplet combustion
Firstly, the combustion behavior of the n-decane isolated droplet in air is discussed. Figure 5 shows histories of droplet diameter squared of n-decane in air under microgravity condition. Initial droplet diameter, d 0 , is varied from 0.26 to 0.80 mm. The droplet diameter squared increases due to the thermal expansion in the initial period when the droplet is heated by electric heater and ignited. Then, the droplet diameter shows decrease trend. It can be seen that the burning rate after the droplet diameter squared starts decreasing is not Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010) Ph_4 constant in the results of detail measurement in this study. This seems to depend on the droplet combustion behavior and is discussed in the latter part. The burning rate is calculated from the data of droplet diameter squared. The procedure to calculate the burning rate is that central moving average of the droplet diameter squared is calculated in order to reduce the noise and then the derivative of the droplet squared is calculated using central difference method. The instantaneous burning rate is derived. The instantaneous burning rate is strongly influenced by small changes of the droplet diameter squared due to the measurement of high frequency, and therefore a moving average using five adjacent data is applied to data of the burning rate in order to investigate the global trend. Figures 6  and 7 show profiles of the burning rate of the n-decane droplet in air under microgravity condition. Figure 6 shows the burning rate in the upper range of the diameter in this study and Fig. 7 shows that in the lower range. It can be seen that the burning rates are negative in the initial period up to about 0.1 s due to thermal expansion of the droplet. Then, it shows a sudden increase in the burning rate due to the ignition of the n-decane droplet. In the upper range of the initial droplet diameter, the burning rate shows two staged behavior globally as shown in Fig. 6 . It is apparent that the slope of the droplet diameter squared changes at about 0.3 s for d 0 = 0.80 mm. At about 0.3 s, sudden increase in the burning rate is observed. Then, the burning rate does not change greatly or shows a slight increase trend. In the lower range of the initial droplet diameter, the staged behavior of the burning rate as shown in Fig. 7 is not observed. In the final period of the droplet lifetime where the droplet diameter is close to the size of the suspender, the burning rate might be influenced by the suspender. The initial droplet diameter is varied from 0.26 to 0.80 mm in Figs. 6 and 7 and the effect of the initial droplet diameter on the burning rate is also observed. The average burning increases with increase in the initial droplet diameter and this tendency agreed well with other low-gravity data for the droplet combustion 3) . In order to investigate the reason for the staged behavior of the burning rate of the n-decane droplet, flame and droplet images are shown in Fig. 8 . The profiles of the droplet diameter squared, the flame diameter and the burning rate are also shown and time when droplet and flame pictures are recorded are indicated by arrows in the figure. At around (a), the droplet is ignited by the electric wire and the blue flame is observed. The electric wire is escaping from the vicinity of the droplet at (a) as shown in the figure. At that moment, the burning rate constant increases immediately. Therefore, the first rapid increase in the burning rate is due to the ignition. From (b) to (d), flame characteristics does not seem to change and the spherical flame can be observed. However, the backlit images are focused upon, the soot shell accumulation can be clearly observed. It can be seen that the burning rate changes greatly between (d) and (e). In this period, soot agglomerates and flow away. Afterward, the soot shell is also observed and however density becomes lower. In almost all of time, droplet flames are spherical and the strong collapse of soot shell toward a particular direction is not observed. The staged behavior of the burning rate may be due to the soot shell formation and collapse in the droplet flame. During the soot shell formation between (b) and (e), the soot shell interferes with diffusion of oxygen, combustion products and heat and results in the decrease in the flame temperature due to the radiative emission though the droplet is heated up. Therefore, the burning rate seems to be almost constant in this period. After the soot agglomerates and is removed, diffusion of heat and chemical species is enhanced and the burning rate increases. Furthermore, soot concentration decreases as the droplet diameter decreases. This tendency might be also observed in the former experimental data of n-heptane and was thought to be in the heating period although data fluctuated greatly 8) . The boiling temperature of n-decane is higher than that of n-heptane, and thereby the heating period may be longer. In addition, n-decane is more sooting fuel than n-heptane and the sooting effects may be stronger. It is thought that this staged behavior appears by the combination of these processes. Figure 9 shows the flame structures of the n-decane droplet in the ambience containing CO 2 . The flame images with the initial droplet diameter of 0.55 mm at about 0.2 s are shown. It can be seen that the luminous flame intensity decreases with increase in CO 2 concentration. In ambiences containing 45 % and 60 % of CO 2 , the luminous flame is not observed at all. CO 2 in the ambience mitigates the soot production in the droplet flame and the burning rate is thought to be influenced by CO 2 . In order to recognize the effect of CO 2 and the initial droplet diameter on the soot production in the droplet flame. Fig. 10 shows the flame structure of the n-decane droplet with larger initial droplet diameter. In this case, the initial droplet diameter is about 0.80 mm and the suspender with the diameter of 0.125 mm is used 19) . Although the luminosity of the camera between the cases of Figs. 9 and 10 is different, the mitigation effects of the soot production by CO 2 are rather different. In Fig. 9-(c) , the soot emission is not fairly observed. On the other hand, the strong soot emission can be seen in Fig.  10-(c) . These images are recorded in the early stage of the droplet life time and the effect of the fiber diameter can be neglected. It is reported that the soot shell density reduces as the initial droplet diameter decreases 18) . This tendency is also confirmed in this study. In addition, the mitigation effects of CO 2 on the soot production become stronger as the initial droplet diameter increases.
Effects of CO 2 on n-decane droplet combustion
The droplet diameter squared of the n-decane is calculated for several ambiences containing CO 2 . Figure 11 shows profiles of the droplet diameter squared for the ambience containing CO 2 . The ambiences containing 0, 30 and 60 % of CO 2 are selected to recognize the difference easily because their profiles are close. In the case of the ambience containing 0% of CO 2 , the change in the gradient of the burning rate is apparently observed. However, this tendency is not observed in the ambiences containing high concentration of CO 2 . In addition, it can be seen that the gradient of the droplet diameter squared decreases in the latter part of the droplet lifetime as CO 2 concentration in the ambience increases. The burning rate constant of the n-decane droplet for the ambience containing CO 2 is also shown in Fig. 12 . Although the plots fluctuate, it seems that the burning rate decreases as CO 2 concentration in the ambience increases. The staged behavior of the burning rate is not observed in the cases of the ambience containing 30 and 60 % of CO 2 . Furthermore, it can be clearly seen that the burning rate gradually increases with time in these cases. In the case of the ambience containing 60 % of CO 2 , the luminous flame is not observed at all, and thereby this increasing tendency of the burning rate is not due to the soot production.
Conclusion
The unsteady combustion behavior of the n-decane and the influences of CO 2 inert on the sooting characteristics and the burning rate were investigated. The experiments were performed in a free fall package under microgravity condition. The droplet images were recorded by a high speed camera, and the burning rate was measured in detail from the surface area of the rotating object determined by the droplet backlit image.
The effective droplet diameter derived from the surface area of the rotating body is smaller than that derived by the conventional method using ellipsoidal approximation, especially in the early stage of the droplet lifetime. Two staged change in the burning rate constant is observed for the larger region of the initial droplet diameter from 0.5 to 0.8 mm.
In the small region of the initial droplet diameter, the staged behavior of the burning rate is not observed and the average burning rate seems to increase with decrease in the initial droplet diameter. The staged behavior of the burning rate may be influenced by the soot shell density and the heat up process of the droplet because the change in the staged behavior occurs when the flame diameter is maximum and the soot agglomerates and the shell collapse.
CO 2 in the ambience mitigate the soot production in the n-decane droplet flame. Its mitigation effects increase with decrease in the initial droplet diameter. The staged behavior of the burning rate is observed only when the concentration of CO 2 in the ambience is low. In high concentration of CO 2 in the ambience, the luminous flame is not observed and the staged behavior is thought to be due to the soot in the flame. In addition, the burning rate gradually increases during the life time of the droplet in higher concentration of CO 2 in the ambience. 
